Background. Chronic pain is prevalent, costly, and disabling among older adults. Although mobility decline is inevitable with aging, it is clear, from current evidence, that older adults with chronic pain experience a greater rate of functional mobility decline than their pain-free peers. Past studies suggest that pain expedites the age-related decline in functional mobility; however, the pathways through which pain affects mobility remain unclear. Gerontological
Introduction
The International Association for the Study of Pain defines pain as "an unpleasant sensory and emotional experience associated with actual or potential damage, or described in terms of such damage" [1] . Pain is a multifactorial, complex process that places a massive burden on society. Experts estimate that chronic pain conditions account for more than $600 billion annually in direct and indirect health care costs [2] . The prevalence of chronic pain rises with age, primarily due to the development of musculoskeletal conditions and neurodegenerative processes [3] . Furthermore, pain-related health care costs continue to rise in the aging population [4] . Medicare claims data from 1991 to 2002 reveal a 300% increase in charges related to low back pain [4] , a common chronic condition among older adults [5] . In addition, older adults with chronic pain are at a higher risk for disability and a reduced quality of life [6] [7] [8] [9] [10] .
V C 2017 American Academy of Pain Medicine. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com Decreases in walking speed, which are a hallmark sign of the disablement process [11, 12] , are commonly seen among older adults with chronically painful conditions (e.g., symptomatic knee osteoarthritis and chronic low back pain). Walking is arguably the most important aspect of functional mobility, as walking speed alone is a strong predictor of adverse outcomes, such as disability [12] [13] [14] and mortality [15] . Current evidence suggests that older adults with chronic pain walk slower than their pain-free peers [7, 10, [16] [17] [18] [19] [20] ; however, the primary drivers of this deterioration in mobility remain unclear. To develop effective interventions, we must first have a better understanding of the mechanisms through which disability develops in these geriatric patient populations.
Among older adults with pain, there are many conceivable pathways through which limitations in mobility may occur. Perhaps the most commonly held belief is that some individuals with pain avoid certain activities for fear of pain or injury (i.e., fear-avoidant behavior) [21] . Theoretically, as people become more fearful of exacerbating their pain, they engage in less physical activity, resulting in physical deconditioning and a perpetuation of the pain and disability cycle [21, 22] . Indeed, physical deconditioning has been linked to increased risk of disability [23, 24] and death [25, 26] , regardless of the presence of pain. Yet fear avoidance models largely ignore the physiological underpinning of pain that may contribute to this process, instead focusing heavily on the psychosocial factors of pain, which may be highly subjective and variable between individuals. A new model that explores the impact of pain on physiological processes, such as energy metabolism, could generate new research that would enhance our understanding of how painful conditions lead to functional mobility deficits among older adults.
In 2010, Schrack et al. proposed a convincing conceptual framework, known as the Energetic Pathway of Mobility Loss, to explain the potential physiological mechanisms behind age-related walking speed decline (i.e., functional mobility decline) [27] [28] [29] . Pain may play an important role in this process, but its role has not been investigated beyond the broad categorization of "lower extremity arthritis pain." In this article, we aim to 1) summarize the current literature supporting the Energetic Pathway of Mobility Loss and 2) propose a model ancillary to that of Schrack et al., the Pain Energy Model, to help clarify the physiological aspects of the disablement process among older adults experiencing pain.
Aging and Energetics
In the Energetic Pathway of Mobility Loss framework, Schrack et al. explain how mobility limitations may be the result of age-related changes in the following energy constructs:
1. Energy capacity: the upper limit of energy expenditure per minute available to perform vigorous activities. Often, this is measured by maximal or peak oxygen consumption during sustained, vigorous activity (VO 2 max or VO 2 peak, respectively) [27] .
2. Energy cost of mobility: the energy cost of walking and other mobility-related tasks (e.g., sit-to-stand transitions, stair climbing, etc.). Energy expenditure is commonly measured by analyzing the amount of oxygen one consumes during aerobic activity. Because walking is a good surrogate measure for functional mobility [12, 15] , this construct is measured by quantifying the amount of oxygen consumed during walking at a fixed slow pace or at self-selected pace. If measured at a self-selected pace, oxygen consumption is often standardized to walking speed to give walking economy (i.e., the energy required to walk one meter) [30] .
These and other key terms are summarized in Table 1 . In general, the Energetic Pathway to Mobility Loss framework can be summarized in three simple premises, which are illustrated in Figure 1 . Citations: Schrack et al. propose that with age, 1) energy capacity decreases, 2) the energy cost of mobility increases, and 3) mobility limitations develop when the energy cost of mobility approaches the maximum level of energy that a person is capable of expending (i.e., energy capacity) [27] [28] [29] . In the following sections, supporting literature is reviewed for each premise.
Premise 1: Energy Capacity Decreases with Age
Oxygen consumption is an indirect measure of energy expenditure, known as indirect calorimetry, and it is quantified as the amount of oxygen consumed in milliliters per kilogram of bodyweight per minute (mL/kg/min). Maximal oxygen consumption, the upper limit of energy available to perform vigorous activities, is often measured as VO 2 max or VO 2 peak. VO 2 max begins to decline during the third decade of life and exponentially deteriorates with each passing decade [31] . For example, previous research suggests that between ages 30 and 39 years, VO 2 peak (a surrogate measure for VO 2 max) declines an average of 0.9 mL/kg/min, whereas between ages 60 and 69 years this decline is accelerated, averaging 6.6 mL/kg/ min [31] . This nonlinear trend continues well into older age, with a reduction in VO 2 max values of 12 to 16 mL/ kg/min occurring between the ages of 80 and 90 years [32] . Experts have hypothesized that once VO 2 max falls below a certain threshold (approximately 18 mL/kg/min), functional limitations are more likely to occur [23] .
Age-related changes in the musculoskeletal system, as well as in the central and peripheral cardiovascular system, combine to contribute to reduced energy capacity [31, 33, 34] . Sarcopenia, the reduction in lean body mass with age, can contribute to the age-related deterioration of VO2 max [31] . Furthermore, reductions in heart and blood vessel function have been shown to be closely related to declines in VO2 max [31] . With age, stroke volume (i.e., the amount of blood ejected from the heart during each beat) decreases [31, 34] , and the ability for oxygen to perfuse through the capillary vessel walls is attenuated [31] . The combined effect of these physiological impairments drives the age-related decline of energy capacity [31, 33, 34] .
Premise 2: The Energy Cost of Mobility Increases with Age (i.e., Energy Inefficiency)
Walking is an essential aspect of most daily activities; thus, it serves as a good marker of functional mobility. Walking becomes less efficient with age [35] . Schrack et al. have shown that, regardless of age, people will naturally select a walking speed with an energy cost of approximately 13.0 mL/kg/min; for older adults, the walking speed needed to achieve this rate is much slower than that of younger and middle-aged adults [28] , highlighting the age-related changes in energetic efficiency. It is important to note that increases in energy cost of activities are not limited to only walking; Knaggs et al. found that the energy cost of a number of daily activities increases with age when the speed at which each is performed is taken into account [36] .
The mechanisms by which age leads to energy inefficiencies are less clear and may be person dependent. Figure 1 Illustration of the Energetic Pathway of Mobility by Schrack et al. with premises noted. With age: 1) energy capacity declines while 2) the energy cost of unrestricted mobility increases. Mobility limitations occur when the energy cost of unrestricted mobility approaches the maximum level of energy a person is capable of expending (i.e., energy capacity). Mobility restrictions are a compensatory strategy for the age-related increase in the energy cost of unrestricted mobility.
Pain-Energy Model of Mobility Limitation
One mechanism that has been postulated is the agerelated increase in chronic disease burden. Chronic disease can cause homeostatic imbalance, which can result in higher levels of resting energy expenditure in order to maintain homeostasis [37, 38] . Furthermore, age-related changes in gait mechanics have an impact on energy expenditure as the severity of gait impairments has been shown to be directly related to the level of energy cost that walking requires among older adults [39] . As one ages, variability in gait mechanics becomes more prominent, resulting in more frequent and larger deviations from optimal biomechanics [40] ; these additional movements may be extraneous to the task of walking, increasing the overall energy cost [41] and thereby resulting in energy inefficiency.
Premise 3: Mobility Limitations Develop when the Energy Cost of Mobility Approaches Energy Capacity
The age-related decline in the quantity and speed of movement is not a human-specific phenomenon, but rather a core physiologic strategy that is universal across species [27] . For example, Carter et al. found that rats walk slower as they age, and slower-walking rats have a higher risk of mortality [42] . As noted above, energy capacity declines with age [31] . Consistently performing near the maximal level of energy capacity is dangerous to sustaining life because of the risk of homeostatic collapse [43] . Priede et al. demonstrated that when fish swim at near-maximal energy capacity they have a higher risk of mortality [44] . As a strategy, animals will decrease their quantity and speed of movement near the end of life (i.e., advanced age) [42, 45] , presumably when the energy capacity to perform activities is low and the energy cost of movement is high.
This theory is also consistent with findings in humans. Recently, experts have hypothesized that low energy capacity and high energy cost of mobility work in tandem with one another yield mobility limitations. Schrack et al. have shown that higher energy cost of walking is predictive of walking speed decline in older adults but not in middle-aged and younger adults [46] . This indicates that higher energy cost of activities is important in the deterioration of mobility, but only in the presence of low energy capacity. In support, prior work in middleaged and older adults has shown that the energy cost of walking is strongly related to mobility levels, but only when energy capacity falls below a certain threshold (approximately 18 mL/kg/min) [29] . Taken together, these findings suggest that limitations in mobility, such as decreased walking speed, are more likely to occur when the energy cost of mobility approximates energy capacity.
Pain Energy Model: A Novel Conceptual Approach
The findings that older adults with chronic musculoskeletal pain conditions walk slower [7, 10, 16, 18, 20] and experience greater reductions in walking speed over time, compared with those without pain [17, 19] , support the notion that these conditions expedite the age-related decline of functional mobility. In our physiological framework, the Pain Energy Model, we hypothesize that the following factors are important in the acceleration of mobility decline among older adults with painful conditions:
1. Pain experience: an unpleasant sensory and emotional experience associated with actual or potential damage, or described in terms of damage [1] . Pain can arise from injury or insult to tissues, which can result in unpleasant sensations. These sensations can be augmented by psychological (e.g., anxiety, fear, etc.) and social (e.g., rejection, attachment, etc.) factors, resulting in not only emotional distress, but also in neurobiological changes [47] .
2. Energy cost of mobility: previously defined (Energetic Pathway of Mobility Loss Energy Constructs).
3. Daily physical activity: The World Health Organization defines physical activity as any bodily movement produced by skeletal muscles that requires energy expenditure [48] . Physical inactivity has been linked to a host of adverse health outcomes, including mortality [49] . Physical activity has been measured through self-report questionnaires and step activity monitors.
Energy capacity: previously defined (Energetic Pathway of Mobility Loss Energy Constructs).
The Pain Energy Model consists of three separate premises, as shown graphically in Figure 2 . We propose that among older adults with acute pain, A) the pain experience increases the energy cost of functional mobility and B) an increase in the energy cost of mobility leads to a restriction in physical activity. As pain persists, we hypothesize that C) long-term physical activity restrictions result in further reductions of energy capacity. We hypothesize that when pain is acute, the pain experience drives physical inactivity, in part, by energetic inefficiency without causing clinically relevant levels of functional mobility limitation; however, as pain and physical inactivity persist, energy capacity decreases to the point that it approaches energy cost of mobility, and functional mobility limitations develop. These limitations, in turn, may contribute to increased energy cost of mobility, further driving this disability cycle. Furthermore, exacerbations of chronically painful conditions (i.e., acuteon-chronic episodes) may also expedite this process.
Premise A: Pain Experience Increases Energy Cost of Mobility
Previous work has shown that experimentally induced pain causes resting energy expenditure to rise by nearly 62% [50] , lending support to the hypothesis that acute painful sensations augment energy expenditure. Furthermore, these pain-related energetic alterations appear to carry over to fundamental activities, such as walking [51] [52] [53] . In one study, middleaged and older adults with painful hip impairments were shown to expend more energy while walking than those without pain [53] . Similarly, Ko et al. have shown that older adults with knee pain had a higher energy cost of walking than those without knee pain [51] . In patients with intermittent vascular claudication due to peripheral arterial disease, Gardner et al. found that the energy cost of walking increased with acute pain onset and pain proliferation [52] . This evidence supports the hypothesis that the pain experience may have a universal effect on energetic efficiency, particularly within older adults with chronically painful conditions.
Pain-related changes in motor strategies are likely the mechanism by which these changes in energy efficiency occur. Gait speed shares a U-shaped relationship with walking economy [30, 54] . Prior work has shown that one's natural self-selected gait speed is the most economical, requiring the least amount of energy per unit of distance [30, 54] . Walking slower than one's selfselected pace may require less energy consumed per unit of time, but it actually requires more energy over a given distance [30, 54] . If experiencing pain causes a person to limit their speed for any reason, it may drive the person below their natural walking speed, increasing their energy consumed over a fixed distance. In support of this, Ko et al. found that gait speed, along with knee range of motion, mediated the relationship between age and the energy cost of walking in older adults with knee pain [51] . Furthermore, pain may alter muscle activity during walking; for example, Ghamkhar and Kahlaee found that global trunk muscle activity increased during walking in those with chronic low back pain [55] . Increases in muscle activity likely come at a higher energetic cost. In reality, each chronically painful condition may influence walking characteristics in a unique, condition-specific way; however, we contend that these gait impairments have a common influence on energy efficiency.
Premise B: Increases in the Energy Cost of Functional Mobility Lead to a Restriction in Physical Activity
There is a well-established body of literature that suggests that physical activity levels are attenuated in older adults with chronic pain [56, 57] . Typically, this is thought to occur due in no small part to psychosocial factors (e.g., fear avoidance) [58] . While there is evidence to support this point, we hypothesize that energetic inefficiency may also drive changes in physical activity levels.
Prior studies in mobility-limited patient populations serve as the best evidence for the relationship between energy cost of mobility and physical activity behavior. Maltais et al. found that, among people with cerebral palsy, worse walking economy strongly predicted lower physical activity levels [59] . In stroke survivors, prior work has shown that those with the highest levels of functional impairment have the greatest levels of energy cost of walking [60] and lowest physical activity levels [61] , compared with those with little functional mobility limitation. A recent study by Danks et al. has shown that energy cost of walking is a strong predictor of daily Figure 2 Illustration of the Pain Energy Model with premises denoted. In (I), the impact that acute pain has on this pathway is displayed. Among older adults with painful conditions: A) the pain experience increases the energy cost of mobility (i.e., energetic inefficiency), and B) increased energy cost of mobility contributes to physical inactivity. In (II), the long-term effects of pain are presented. With pain chronicity, C) persistent physical inactivity drives reductions in energy capacity. When energy capacity approaches the energetic cost of mobility, clinically relevant mobility limitations develop. These limitations, in turn, may contribute to increases in energy cost, further driving this disability cycle. Exacerbations of pain (i.e., acute-on-chronic) may also continue to drive this cycle.
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step counts among stroke survivors [62] . Taken together, these studies suggest that energy efficiency and physical activity may be linked in other mobility-limited patient populations, such as those with painful conditions.
Premise C: Long-Term Physical Activity Restrictions Result in Further Reductions of Energy Capacity
As previously noted, there is a body of literature to suggest that the overall physical activity levels of older adults with chronic pain are reduced [56, 57] . Furthermore, the relationship between low physical activity and low energy capacity is well established [63, 64] . Of course, it is important to note that the influence physical activity has on energy capacity is both quantity and intensity dependent. Yet, to our knowledge, there is no conclusive evidence that examines how specific painful conditions (e.g., knee osteoarthritis or chronic low back pain) influence the different components of physical activity, such as intensity. Although energy capacity has not been studied among older adults with chronic pain specifically, younger adults with chronic low back pain have been shown to have lower energy capacity [65, 66] ; therefore, it is plausible that energy capacity is also reduced among geriatric chronic pain patients, given their low levels of physical activity.
The mechanisms by which physical inactivity leads to reductions in energy capacity are well documented and involve both short-term and long-term physiological changes [67, 68] . Abrupt decreases in physical activity cause central cardiovascular change (i.e., decreased heart function), while persistent physical inactivity causes changes in the peripheral cardiovascular system (i.e., impaired oxygen transport between vessels and muscles) [67, 68] . Further reductions in physical activity, such as those seen among older adults with painful conditions, may exacerbate these pathophysiological processes.
Discussion and Perspectives for Future Research
In this article, we describe how persistently painful conditions may expedite the age-related decline in functional mobility through energetic mechanisms. Gerontological experts have hypothesized that agerelated mobility impairments may be the result of increased energy cost in the face of low energy capacity. In Figure 3 , we summarize the effects of the Pain Energy Model in the context of the Energetic Pathway to Mobility Loss; the pain experience drives increases in the energy cost of mobility and decreases in energy capacity. As a result, functional mobility limitations develop to prevent energy cost from approaching energy capacity, thereby avoiding the risk of homeostatic collapse; however, the combined effects of both age and the pain experience result in even greater functional mobility limitations. Essentially, the pain experience accelerates the age-related decline of functional mobility.
It is important to note that limitations in functional mobility may arise from a number of different pathways, aside from energy expenditure [69] . For example, it has been clearly demonstrated that psychosocial factors play an important role in the pain experience. A person with pain may be fearful of exacerbating their symptoms (i.e., fear avoidance), choosing to reduce their overall physical activity, regardless of the impact that pain may have on the energy cost of mobility. While logical, we believe that the pathway from pain to mobility loss in the geriatric pain population is more complicated than driven purely by a psychosocial mechanism. While some individuals will immediately modify activities to limit pain, there are many who would choose to maintain an active lifestyle in spite of their pain but are limited by an alternate pathway. The model that we propose is not meant to replace other models of disability development in this population, but rather propose a new pathway that is unexplored. Future research should examine the unique interactions between these pathways in the progression of disability.
It is also important to note that, at present, this model is hypothetical, but very much logical given the currently available evidence; it is meant to identify and generate a conceptual pathway by which pain may influence energy expenditure. It is wholly possible that the organization of the model may, in reality, be different from the order presented in this paper. However, the current evidence supports the pathway proposed here. Future systematic investigations need to be conducted to investigate the temporal and directional nature of these relationships to establish the validity of this model. Furthermore, future studies should investigate which aspects of the pain experience (e.g., pain frequency, intensity, interference) best predict adverse changes in energy expenditure. Regardless, this model still has important clinical implications.
Energy cost and capacity may be very important outcomes in the pathway to disability. As such, it may be beneficial to use these as outcomes to gauge treatment efficacy. Although measuring these outcomes requires specific tools (i.e., metabolic gas analysis equipment), these measurements are commonly performed in specific clinical settings, such as cardiac rehabilitation centers. Collaboration between physical rehabilitation clinicians and exercise physiologists could allow for the implementation of these measurements among geriatric pain patients. Where such collaborations are not practical or possible, clinical tests exist to estimate energy capacity (i.e., VO 2 Peak). For example, Simonsick et al. found that the Long Distance Corridor Walk test, a test that requires minimal training, time, and equipment, can provide a valid estimate of Peak VO 2 in older adults by using a regression equation [70] .
This model also has important treatment implications. Pain management interventions should be utilized to decrease the instantaneous impact that pain provocation has on the energy cost of different activities. As mentioned, the energy cost of walking can be easily measured with metabolic gas analysis equipment; clinicians can measure walking economy to gauge treatment efficacy. Next, and perhaps more importantly, geriatric pain patients may benefit from interventions aimed at improving the energetic efficiency (i.e., decrease energy cost) of mobility. This is important because deficits in mobility often persist even after pain is effectively managed. For example, patients who have undergone total knee replacement surgery report great improvements in their pain but have marginal improvements in mobility compared with preoperative status [71, 72] , and they continue to underperform compared with healthy older adults [73] . It is plausible that these patients continue to have higher levels of energy cost of mobility, despite resolution of their symptoms, due to compensation strategies that were learned as a result of their painful condition (e.g., impaired muscle coordination). Rehabilitation interventions exist for older adults that focus on the smoothness of walking to improve energetic efficiency [74, 75] , but they are not standard practice for those recovering from painful conditions. Considering the potentially important role that increased energy cost of functional mobility plays in the disability pathway among older adults with pain, clinicians may consider incorporating intervention strategies that target impairments that may be contributing to increased energy cost.
Furthermore, clinicians may focus more heavily on physical activity interventions. Although this is not a new recommendation for the treatment of patients with chronic pain, past guidelines have simply advised clinicians to encourage their patients to be more physically active [76] . Physical activity interventions are effective at improving pain-related outcomes [77] [78] [79] , and clinicians may consider taking a more specific approach. Activity monitors are relatively inexpensive and easy to use. Clinicians may consider incorporating these instruments into their clinical practice to set goals and monitor patient progress. For example, prior research has shown that this is feasible to incorporate into clinical practice and effective in improving daily walking activity in patients recovering from stroke [80, 81] . Clinicians may also aim to improve or preserve energy capacity in older adults with chronic pain [23, 29] . Energy capacity can be improved through a variety of different exercise interventions. For example, if a patient is unable to tolerate a specific mode of exercise, such as walking for knee osteoarthritis, then a clinician may use a mode of exercise that is less provocative, such as cycling, to improve energy capacity levels. Also, a mobility aid, such as a single point cane, may be used to prevent pain exacerbation and joint degradation, which can both lead to gait impairments; clinicians, however, should still emphasize that its purpose is to allow the person to be more physically active, preserving energy capacity.
Conclusions
Energy cost of mobility and energy capacity have been shown to play an important role in the development of age-related limitations in functional mobility. Pain may play an important role in this process as painful conditions have been shown to lead to reductions in energy efficiency, energy capacity, and physical activity levels. This newly proposed model may help explain the development of mobility limitations in geriatric pain populations and warrants further investigation. The pain experience increases the energy cost of unrestricted mobility while leading to decreases in energy capacity. As a compensatory strategy, mobility is heavily restricted to stay within the energy boundary.
